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ABSTRACT

Background The feasibility study aims to evaluate the
use of EEG in measuring workload during a simulated
intravenous cannulation task. Cognitive workload is
strongly linked to performance, but current methods to
assess workload are unreliable. The paper presents the
use of EEG to compare the cognitive workload between
an expert and novice group completing a simple clinical
task.

Methods 2 groups of volunteers (10 final year medical
students and 10 emergency medicine consultants) were
invited to take part in the study. Each participant was
asked to perform 3 components of the simulation
protocol: intravenous cannulation, a simple arithmetic
test and finally these tasks combined. Error rate, speed
of task completion and an EEG-based measure of
cognitive workload were recorded for each element.
Results EEG cognitive workload during the combined
cannulation and arithmetic task is significantly greater in
novice participants when compared with expert
operators performing the same task combination. EEG
workload mean measured for novice and experts was
0.62 and 0.54, respectively (p=0.001, 95% Cl 0.09 to
0.30). There was no significant difference between
novice and expert EEG workload when the tasks were
performed individually.

Conclusions EEG provides the opportunity to monitor
and analyse the impact of cognitive load on clinical
performance. Despite the significant challenges in set up
and protocol design, there is a potential to develop
educational interventions to optimise clinician’s
awareness of cognitive load. In addition, it may enable
the use of metrics to monitor the impact of different
interventions and select those that optimise clinical
performance.

INTRODUCTION

Understanding clinical performance requires a
multimodal approach due to the complex nature of
the underlying cognitive processes. Expertise is the
synergy of knowledge, skills and experience but
performance is dependent on the mental processes
that enable their application. Simple clinical tasks
such as intravenous cannulation may challenge a
novice but put little demand on the expert.
Education interventions rely on metrics to monitor
the impact on an individual’s acquisition of skills."
Capturing and measuring performance remains the
mainstay of clinical skills assessment but increasing
the focus has moved to identification of underlying
mechanisms and investigating how expertise
develops.?

Cognitive load theory (CLT) has been proposed
to explain of how an individual’s ability to learn
and perform is impaired when cognitive load
exceeds capacity® The effort required to use
‘working memory’ during the performance of a
task has been described as ‘cognitive load’ and is
the proportion of cognitive capacity in use at any
time.* Cognitive load is dependent on the task per-
formed and the individual.® CLT states that there
are three elements that contribute to cognitive
load:

» Intrinsic—the demand of executing the current
task;

» Extraneous—the demand to process information
that are unrelated to the current task;

» Germane—the demand to resolve the task into
genuine learning.

The implication is that when a learner is exposed
to events that exceed working memory capacity
then their ability to perform or learn is degraded.
When designing educational interventions, it has
been suggested that training efficiency may be opti-
mised by controlling cognitive load.®

A number of studies have started to link cogni-
tive workload within the medical setting to emo-
tional state and work performance.” ® Traditionally,
pupillary  dilation, heart rate, eye blinking,
response times or cortisol levels have been used
as physiological proxies for cognitive load.
Workload has also been examined by the use
of self-reported questionnaires completed follow-
ing the task.” Developing strategies to reduce
unnecessary cognitive load and support develop-
ment of enhanced clinical performance requires
reliable metrics.

The advent of EEG has enabled development of
novel approaches to objectively measure cognitive
load.'® "' EEG workload levels have been shown to
correlate with objective and subjective workload
ratings in a variety of tasks.'® This study reports
the novel use of EEG within the medical simulation
setting. EEG may hold the potential for a more
objective, real-time measurement of cognitive load
—offering the ability to quantify the effects of edu-
cation interventions.'® Signatures in the EEG signal
can be used to identify sensory and cognitive pro-
cesses'* and EEG enables measurement of varia-
tions in task load depending on the nature of the
task being undertaken. These data may be recorded
and analysed in real time with signal processing
and statistical techniques to create a number of per-
formance parameters. Real-time EEG analysis has
been applied successfully in a number of settings
including the training of archers and pilots."* '
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‘Safe and effective’ peripheral vein cannulation is one of the
core technical skills acquired by medical students. This is often
cited as a challenging task and considerable educational
resources are invested to facilitate acquisition of this skill.
Emergency medicine (EM) consultants may be considered
experts at this skill and have acquired a high degree of automati-
city: one of the features of ‘expertise’ is the ability to perform a
task without significant cognitive demand.'”

Aim
This pilot study aims to evaluate the feasibility of using EEG to
measure workload during a simulated cannulation task.

Objectives

1. Can EEG be used to assess cognitive load during a simple
clinical task?

2. Compare EEG findings against previously
Distracted Intravenous Access (DIVA) study.

reported

METHODS

DIVA protocol

The study uses the DIVA protocol previously published by
Smith et al'® (table 1). Paced auditory serial addition test
(PASAT) is an established cognitive distraction test which has
been shown to directly measure attention.'? % Participants were
asked to listen to a continuous series of single-digit numbers
and state the sum of the last two numbers from a recording at
4 s intervals. The intravenous cannulation was performed on a
manikin and assessed using the checklist focused on performing
the correct stages in the correct order (figure 1). During this
study, data were collected on errors on cannulation (compared
with their checklist), speed of completion and number of arith-
metic errors during PASAT.

The original DIVA study demonstrated a difference in the per-
formance of novices (fourth-year medical students), intermedi-
ates (1 year postgraduate) and experts (anaesthetic and EM
consultants and novices) when performing the combined simu-
lated peripheral vein cannulation and simultaneously a PASAT.
We sought to repeat the DIVA study while measuring surface
EEG of participants in an attempt to make an objective meas-
urement of cognitive load during the task.

Participants

We recruited 10 final year medical students (novices) and 10
EM consultants (experts) to the study. Recruitment was on an
opportunistic basis and candidates were tested by DJL, SAJ or

Table 1 Scoring of the distracted intravenous access (DIVA) test
Range of

Score possible

component  How score component is derived scores (%)

Cannulation  Percentage of checklist items completed correctly 0-100
(out of a possible 16)

Cognitive Percentage of possible answers given correctly in 0-100

distraction PASAT (total possible varies according to time

taken), as a percentage score

Speed score  =((maximum: time allowed—actual time taken)/ 0-100
(maximum: time allowed—minimum time
possible))x100

Overall score  Mean of cannulation, cognitive distraction and 0-100

speed scores

DIVA, Distracted Intravenous Access; PASAT, paced auditory serial addition test.

AL following consent. Ethical approval was granted by the
Edinburgh University Ethics Committee.

EEG

The study used the B-Alert X10 Bluetooth wireless system
(Biopac). The system enabled wireless recorded of EEG wave-
forms to a study laptop running Acgknowledge V4 software
(Biopac) for data analysis. Workload during each task was
recorded and averaged over the duration of each task. Each par-
ticipant went through a calibration to ensure the impedance of
nine-channel EEG, which would ensure real-time monitoring of
engagement and cognitive workload. The EEG workload index
ranges from 0 to 1.0, which rises with increasing demand.

EEG Distracted Intravenous Access

Before starting the study, each candidate was familiarised with
both PASAT and the checklist for cannulation and given the
opportunity to practice each, following set up and calibration of
the EEG system. A trial information sheet detailing the protocol
was also provided. All episodes were recorded in a clinical skills
laboratory, with standardised equipment.

The protocol involved three stages as detailed in the original
DIVA study and utilised the same checklist for the cannulation
task.'” Participant’s EEG workload was measured during each
of the three stages:

1. Insertion of intravenous cannula;
2. During a PASAT;
3. Insertion of intravenous cannula while completing PASAT.

Completion of the tasks was timed and arithmetic errors
were recorded when PASAT was administered. Data were col-
lected on time to complete task, errors in cannulation, error in
PASAT and EEG workload. EEG data were extracted from the

Figure 1

Candidate completing cannulation task with EEG monitor.
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AcqKnowledge software. Analysis was performed using Graph
Pad Prism (GraphPad Software, California) with unpaired
Student’s t-test to detect statistical significance.

RESULTS

DIVA protocol

Table 2 presents the results recorded using the standard DIVA
protocol. PASAT scores were similar between novice and expert
groups but experts completed the cannulation task significantly
more rapidly and accurately (63-155s (106.5s) vs 128-300s
(198.9 5), p=0.0015).

Figure 2 displays the scores for each of the elements of the
DIVA protocol and the comparison between the expert and
novice group. The two groups differed in all components of the
test, and the difference was statistically significant (at the 5%
level) in all components apart from the cognitive distraction.
The results here are consistent with those found in the original
DIVA study.'®

EEG results

Figure 3 presents mean cognitive workload as measured by EEG
during each of the elements of the study protocol. The mean
workload average value during each stage was analysed for all
groups. There was no significant difference between the work-
load average of the novices versus experts during either the can-
nulation (p=0.41, 0.45 to 0.71 (0.57) vs 0.27 to 0.67 (0.52);
95% CI —0.07 to 0.16) or PASAT (p=0.19, 0.39 to 0.66 (0.54)
vs 0.21 to 0.63 (0.44); 95% CI —0.05 to 0.24) tasks when per-
formed separately. During the combined DIVA protocol, we
found a significant result in workload average between the
novices and experts (p=0.001, 0.49-0.73 (0.62) vs 0.32-0.72
(0.43); 95% CI=0.09 to 0.30).

DISCUSSION

With regard to our first objective, we found that collecting data
on cognitive workload using EEG was achievable using the
methods and equipment detailed above. The study demonstrates
that collecting EEG data on clinician’s cognitive load within a
simulation environment is feasible, although there are challenges
in terms of the time required to set up and calibrate systems
~30 min for each participant. Each participant required creation
of a baseline individual EEG profile, which enables comparison
of data between individuals. In addition, placing the sensor strip
and establishing reliable scalp contact and therefore low imped-
ance required practice; there was a learning curve to successful
application. The computer interface was relatively intuitive but
creation and interpretation of data files and initial set up for the
study required manufacturer support.

The addition of a secondary task (PASAT) increases the cogni-
tive workload of the participants. This extra task causes an add-
itional cognitive demand which impacts on task performance.
For the experienced clinician, the increased workload did not
degrade the completion of the primary task (cannulation) to the
same extent as for the novice. It would be expected that placing

Table 2 Mean (95% Cls) for each component of the test for each
group

Cognitive distraction

Group Cannulation score score Speed score

Novice 86.28 (82.77 to 89.78) 78.90 (71.75 to 86.05) 45.41 (20.50 to 70.32)
Expert 96.25 (93.12 t0 99.38) 87.2 (79.00 to 95.40)  86.18 (79/57 to 92.79)

DIVA Scores
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Figure 2 Means and 95% Cls for the DIVA scores. DIVA, Distracted
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EEG Scores
1.0+ p=0.1858 p=04112 p=0.0010
0.84
v *
™ A
L]
§o.s- . ‘a
[ v
2 ole i
g
x v
5
= 0.4+ - ]
A .o
A
0.24 -~
B P S
& & S S o\«' Q\‘&
A R N o S N
& & & N & S
<& \\6‘ 0?* (,Y’\ & &
S ¢ S B
& &
Q;O' éo
Score Component

Figure 3 Means and 95% Cls for the EEG scores. PASAT, paced
auditory serial addition test.
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a cannula for an expert is a relatively automatic task. This may
reflect the extent to which the extraneous load is not increased
to the same extent as novices. It is unsurprising that EEG work-
load for the PASAT task was not significantly different between
groups, and it was only when PASAT was added to a clinical task
—in which the expert group revealed a difference in cognitive
demand. It would be expected that each of the study group’s
abilities to complete an arithmetic task would be similar, irre-
spective of age or clinical experience.

Our second objective of this study was to compare our find-
ings to the previously reported findings of the DIVA study. We
chose an existing protocol (DIVA) as our initial foray into meas-
uring cognitive load to provide a comparison with an estab-
lished validated objective score. While the addition of a
subjective score was considered, no validated score existed. In
any case, from the trial, it was apparent that the combined task
was sufficiently challenging to all participants.

The finding of a significant difference between novice and
expert during the combined task reflects the results from the
DIVA study. The lack of significant difference when completing
the cannulation task between the two groups was unexpected.
There are a number of possible explanations for this. First, com-
pletion of the task within study conditions, that is, with the add-
ition of an EEG monitor and observers increased the workload
for both groups irrespective of task familiarity for the experts:
these additional demands resulted in a task of equivalent diffi-
culty for both groups. Second, medical students are more
experienced in completing simulated intravenous cannulation
tasks than experts, fulfilling criteria on a checklist and being
observed than experts: these experiences reduced the compe-
tence differential. Third, the expert’s usual degree of automati-
city was reduced as they were completing the task following a
defined and unfamiliar checklist. Finally, sample size may not
have been sufficient to detect a significant difference. The add-
ition of the arithmetic task may have provided sufficient cogni-
tive load to expose the spare capacity that experts possessed to
complete the protocol as their focus reverted to completion of
the arithmetic element. Further testing during different proto-
cols or for longer tasks may clarify this.

An alternate approach considered was simulated scenario for
the two groups of increasing complexity and asking the partici-
pant to maintain a leadership role rather than combining a
manual task with cognitive task. EEG workload may therefore
be useful tool to delineate between workload during clinical
tasks and provide insight into the development of competency,
expertise and leadership beyond observation and checklists.
This opens up the possibility of a number of avenues of research
and application for which further work is required.

EEG workload analysis may provide valuable insight into
team performance and the impact of leadership on cognitive
performance. Combining EEG analysis with video review offers
the opportunity for the development of enhanced metrics to
monitor the impact of new clinical information, defined tasks or
the deteriorating patient on the individual and the team.

The study has a number of limitations. Small numbers of
volunteers were enrolled and we did not investigate the impact
of wearing the EEG technology on task completion. Further
testing with larger numbers would strengthen the conclusions of
the study. The study does, however, use an established protocol
and within a similar type of setting. A standardised mark sheet
for arithmetic and cannulation task was used, and was scored by
a single individual. Some participants appeared to selectively
ignore the PASAT element to ensure rapid completion of the
cannulation task rather than attempt to multitask, perhaps

recognising that they had exceeded capacity. We elected not to
utilise a subjective workload questionnaire to correlate to EEG
but, with hindsight, this may be useful addition. Participants’
awareness of headset and being part of study may have influ-
enced the EEG workload activity recorded.

Future applications

There are a number of potential applications within both the
clinical and education domain. The term ‘neuroergonomics’ has
been coined to describe the development and design of work
environments that are optimised according to enhanced under-
standing of cognition and human behaviour.'? Providing a cog-
nitive aid may enable clinicians to respond to overload and
potential task completion degradation to enhance patient safety.
EEG offers the opportunity to examine cognitive load within
the clinical domain while other strategies such as fMRI are
anchored to the laboratory. Further iterations of the technology
and validation in other studies would help determine the utility
of EEG application within the clinical environment. Real-time
measurement of cognitive load may allow development of feed-
back mechanisms, for example, haptic warning of approaching
overload. Simulation-based education has consistently been chal-
lenged to prove efficacy and, while limited translational out-
comes have been established, metrics on the individual’s
cognitive improvement remains elusive.”! Measuring cognitive
load may provide a tool to assess the effectiveness of different
teaching modalities, for example, the impact of repeated expos-
ure to challenging scenarios in increasing the threshold for cog-
nitive overload.??

CONCLUSION

EEG may provide a greater understanding of the cognitive
load during task completion. Its application may not just be
limited to completion of technical tasks but applied to clinical
situations in which decision-making is challenged by extrane-
ous distraction. Design and evaluation of educational interven-
tions may be aided by identifying which strategy has the
greatest impact on reduction of cognitive load or raise clini-
cian’s threshold for cognitive overload. Creation of metrics
using EEG to assess efficacy of teaching interventions and
provide clinicians with real-time feedback on cognitive load is
feasible. We hope to extend the use of EEG into simulation
and ultimately clinical settings. The use of EEG to measure
cognitive load and its relationship to clinical performance is an
interesting area that deserves further exploration. Optimising
education interventions to individual cognitive capacity could
lead to enhanced clinical performance and ultimately improved
patient outcomes.

Acknowledgements The authors would like to acknowledge the participants. In
addition Biopac for time to evaluate the system and in particular Alex Dimov. Finally
Dr Smith for her review of the original manuscript and her co-authors for DIVA.

Contributors DJL, SAJ, GC designed the study, collected the data and wrote the
manuscript with substantial input from each. GC designed the study and
substantially reviewed the manuscript.

Competing interests None declared.
Ethics approval NHS Lothian.

Provenance and peer review Not commissioned; externally peer reviewed.

REFERENCES
1 Causer J, Barach P, Williams AM. Expertise in medicine: using the expert
performance approach to improve simulation training. Med Educ 2014;48:115-23.
2 Ericsson KA, Krampe RT, Tesch-Romer C. The role of deliberate practice in the
acquisition of expert performance. Psychol Rev 1993;100:363.

Lowe DJ, et al. BMJ Stel 2016;2:68-72. doi:10.1136/bmistel-2015-000082

7


http://dx.doi.org/10.1111/medu.12306
http://dx.doi.org/10.1037/0033-295X.100.3.363

Original research

3 Haji FA, Rojas D, Childs R, et al. Measuring cognitive load: performance, mental 13 Antonenko P, Paas F, Grabner R, et al. Using electroencephalography to measure
effort and simulation task complexity. Med Educ 2015;49:815-27. cognitive load. Educ Psychol Rev 2010;22:425-38.

4 Gaba DM, Lee T. Measuring the workload of the anesthesiologist. Anesth Analg 14 Klimesch W. EEG alpha and theta oscillations reflect cognitive and memory
1990;71:354-61. performance: a review and analysis. Brain Res Rev 1999;29:169-95.

5  Williges RC, Wierwille WW. Behavioral measures of aircrew mental workload. Hum 15  Sterman MB, Mann CA, Kaiser DA, et al. Multiband topographic EEG analysis of a
Factors 1979;21:549-74. simulated visuomotor aviation task. /nt J Psychophysiol 1994;16:49-56.

6 Sweller J, Van Merrienboer JJG, Paas FGWC. Cognitive architecture and instructional 16 Landers DM, Han M, Salazar W, et al. Effects of learning on
design. Educ Psychol Rev 1998;10:251-96. electroencephalographic and electrocardiographic patterns in novice archers. Int J

7 Byme AJ, Oliver M, Bodger O, et al. Novel method of measuring the mental Sport Psychol 1994;25:313-30.
workload of anaesthetists during clinical practice. Br J Anaesth 2010;105:767-71. 17 Stefanidis D, Scerbo MW, Korndorffer JR, et al. Redefining simulator proficiency

8  Weigl M, Miller A, Sevdalis N, et al. Relationships of multitasking, physicians’ using automaticity theory. Am J Surg 2007;193:502—-6.
strain, and performance: an observational study in ward physicians. J Patient Saf 18  Smith S, Tallentire V, Wood M, et al. The distracted intravenous access (DIVA) test.
2013;9:18-23. Clin Teach 2012;9:320-4.

9 Hart SG, Staveland LE. Development of NASA-TLX (Task Load Index): results of 19 Tombaugh TN. A comprehensive review of the paced auditory serial addition test
empirical and theoretical research. Adv Psychol 1988;52:139-83. (PASAT). Arch Clin Neuropsychol 2006;21:53-76.

10  Rabbi AF, Ivanca K, Putnam AV, Musa A, Thaden CB, Fazel-Rezai R, eds. Human 20  Puell MC, Barrio A. Effect of driver distraction and low alcohol concentrations on
performance evaluation based on EEG signal analysis: a prospective review. useful field of view and frequency-doubling technology perimetry. Acta Ophthalmol
Engineering in Medicine and Biology Society, 2009 EMBC 2009 Annual 2008;86:634-41.

International Conference of the IEEE; |EEE, 2009. 21 McGaghie WC, Issenberg SB, Barsuk JH, et al. A critical review of simulation-

11 Holm A, Lukander K, Korpela J, et al. Estimating brain load from the EEG. Sci World based mastery learning with translational outcomes. Med Educ 2014;48:
J2009;9:639-51. 375-85.

12 Berka C, Levendowski DJ, Lumicao MN, et al. EEG correlates of task engagement 22 Petrosoniak A, Hicks CM. Beyond crisis resource management: new frontiers in
and mental workload in vigilance, learning, and memory tasks. Aviat Space Environ human factors training for acute care medicine. Curr Opin Anesthesiol
Med 2007;78(Suppl 1):B231-44. 2013;26:699-706.

72 Lowe D), et al. BMJ Stel 2016;2:68-72. doi:10.1136/bmjstel-2015-000082


http://dx.doi.org/10.1111/medu.12773
http://dx.doi.org/10.1023/A:1022193728205
http://dx.doi.org/10.1093/bja/aeq240
http://dx.doi.org/10.1097/PTS.0b013e31826b7b87
http://dx.doi.org/10.1016/S0166-4115(08)62386-9
http://dx.doi.org/10.1100/tsw.2009.83
http://dx.doi.org/10.1100/tsw.2009.83
http://dx.doi.org/10.1007/s10648-010-9130-y
http://dx.doi.org/10.1016/S0165-0173(98)00056-3
http://dx.doi.org/10.1016/0167-8760(94)90041-8
http://dx.doi.org/10.1016/j.amjsurg.2006.11.010
http://dx.doi.org/10.1111/j.1743-498X.2012.00543.x
http://dx.doi.org/10.1016/j.acn.2005.07.006
http://dx.doi.org/10.1111/j.1600-0420.2007.01100.x
http://dx.doi.org/10.1111/medu.12391
http://dx.doi.org/10.1097/ACO.0000000000000007

	Feasibility of EEG to monitor cognitive performance during venous cannulation: EEG Distracted Intravenous Access (E-DIVA)
	Abstract
	Introduction
	Aim
	Objectives

	Methods
	DIVA protocol
	Participants
	EEG
	EEG Distracted Intravenous Access

	Results
	DIVA protocol
	EEG results

	Discussion
	Future applications

	Conclusion
	References


